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Abstract: The introduction of precision agriculture increased the efficiency of plant production, while simultaneously reducing the production cost. Precision irrigation can be 
considered as the combination of sensors, computer software and irrigation systems. Precision irrigation has reduced water consumption and increased yields, and thus increased 
economic profits. The development of new crop monitoring technologies in precision irrigation has been made possible by the imaging and analysis of real-time crop condition 
data. The aim of this study was to describe the present state and possibilities of precision irrigation in practice in the EU and Croatia. An overview of the current precision irrigation 
technologies, as well as its adaptive management to the decision-making in agricultural water management, represents a fundamental basis for future practical studies in precision 
irrigation. 
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1 INTRODUCTION 
The application of irrigation systems in agriculture in 
Europe is near 30%, while in Croatia it is only about 2% [1]. 
The available water levels are in constant decline in the 
world, which urges for the accurate determination of the 
exact amount of water required by the crops during the 
growing season. Precision agriculture is defined as the 
technology based on the identification and management of 
variabilities within the agricultural field for optimal 
profitability, sustainability and protection of land resources 
[2]. The advantages of precision agriculture in terms of 
economic and environmental benefits are in the reduced use 
of water, fertilizers, herbicides and pesticides [3]. One of the 
most important areas in which precision agriculture is applied 
is the management of soil properties heterogeneity, which is 
crucial for most agrotechnical operations [4]. Precision 
irrigation requires the possession of soil-related information 
such as: texture, water capacity, moisture and crop water 
demand at certain growth stages. The procedures within 
precision irrigation are supported by technical components, 
such as sensors and computer processing software. 
In the water the soil is bound to the soil particles with the 
force that the root system must overcome during the water 
absorption. Therefore, water in the soil is divided into 
accessible (free) and inaccessible (bound). The forces that 
hold water along the soil particles are the moisture tension 
(surface, hydrostatic and gravitational forces), and the 
osmotic pressure of the water soil phase [5]. In [6], on 
agricultural lands that do not have enough water for crop 
production during their partial or full growth period, water 
should be artificially applied. All operations which include 
the man-made and artificial increase of the soil water content 
with the aim of crop production are considered as irrigation. 
Author [7] stated that thermal remote sensing used for 
the determination of crop water content is based on the 
emitted radiation of the plant in relation to the temperature 
difference between the leaf and stem. It significantly varies 
with air temperature and evapotranspiration intensity. The 
best method for determining soil moisture in potato 
cultivation were studied in research of [8]. The authors noted 
the efficiency of watermark tensiometers for that application. 
However, they emphasize the need for a calibration curve in 
order to relate the values of pressure (kPa or cbar) and 
volume of soil water content (vol%) to the current soil 
moisture. The same authors stated that Aquaterr sensors were 
sensitive to changes in soil temperature and therefore do not 
recommend their use in potato cultivation. According to [9], 
the efficiency of watermark sensors depends on weather 
conditions. The depth of sensor placement should not be the 
same in average climatic years and in years with extreme 
weather conditions. Authors [10] measured soil water content 
on five soil types with the help of electrical conductivity, and 
the influence of the change in the amount of water for future 
soil mapping was confirmed, similar to measures of [11]. 
Many authors [5, 12] divided the irrigation systems into three 
fundamental methods: surface irrigation/flooding, rainfall 
irrigation/flooding and micro-irrigation systems. 
2 THE DEVELOPMENT OF PRECISION IRRIGATION 
Research related to precision irrigation began in the 
United States in the early 1990s. The research was largely 
based on the modification of mobile irrigation systems that 
are able to cover a large area and apply a diverse amount of 
water. Such systems were controlled using the input spatial 
data [13]. Various procedures have been evaluated to 
implement valve control to achieve the desired application of 
irrigation rates. It was concluded that due to the cost and 
complexity of these systems, economic feasibility depends 
on large agricultural production and does not pay off for 
small farmers [14]. The number of studies by European 
researchers regarding precision irrigation increased in the 
2000s and emphasis was placed on the purpose and 
performance of spatially variable irrigation rates [15-19]. 
The studies conducted by [20] and [21] included the 
application of an infrared thermometer mounted on a rain 
wing. These pivot systems were used for the data collection 
of soil temperature and plant surface temperature for the 
development of automatic irrigation. Authors [20] concluded 
that the method of modeling the dynamics of crop cover 
temperature can be cost-efficient. Due to the low cost and 
simplicity of the method, this method became accessible for 
smaller farmers as well. 
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Additional research conducted in Europe, according to 
authors [15], focused on variations in yields due to uneven 
irrigation. In New Zealand, authors [22] investigated water 
savings and the economic benefits of precision irrigation 
using pivot systems. Common features of these studies 
include: the emphasis on system design and control to obtain 
spatially diverse applications; the use of global navigation 
satellite system (GNSS) for irrigation control using 
previously created soil maps; and differential irrigation in the 
areas from 40 to 100 m2. Authors [16] focused on the 
development and testing of digital control systems that use 
an embedded computer to process and apply transmitted 
radio waves. They used the low-energy precision application 
(LEPA) system on the pivot irrigation system. It was 
concluded that pivot systems and LEPA can be corrected for 
the application of spatially different irrigation. The common 
precision irrigation strategy was to change the amount of 
water rates, and thus the depth of water application. Precision 
irrigation relies on the development of the appropriate 
irrigation management systems based on the data collected 
about the crop requirements for water and nutrients in real-
time. 
The notion of spatially variable irrigation is based on the 
hypothesis that each plant requires a non-uniform amount of 
water due to the difference in root system depth. The yield is 
maximum if each plant receives the exact amount of water it 
requires, considering the within-field heterogeneity [16]. 
The primary objective of precision irrigation is to 
optimize the amount of water in the entire agricultural field. 
Variable-rate irrigation in specific locations can achieve 
significant water savings [14]. According to authors [19], 
variable-rate can produce water savings in the range from 10 
to 15 % compared to the conventional methods. Authors [23] 
even estimated that the potential water savings using 
precision irrigation can reach about 25 %. 
Authors [24] observed that the potato yield using the 
pivot systems based on the spatially variable irrigation 
systems can increase the yield from 4 to 6 %. Crop modeling 
and spatially variable irrigation have proven to be essential 
and effective means of yield management. Two authors [25] 
used the CERES model to model maize crops and the 
feasibility of maize irrigation. Spatially variable irrigation 
also resulted in higher maize yields. However, in some 
instances, multiple authors [26-28] pointed to the fact that 
such a system might not be profitable for small farmers. 
 
3 PRECISION IRRIGATION METHODS AND SYSTEMS 
3.1 Surface/flooding Irrigation 
 
The rirmod irrigation model has been accepted as a 
standard for the evaluation and optimization of surface 
furrow irrigation in Australia [29]. It is based on solving full 
hydrodynamic equations and its accuracy is determined only 
by input parameters. This model uses real-time irrigation data 
and creates irrigation statistics for future use. Using the 
Winsrfr model and the aim model, many authors [30, 31] 
used approximate hydrodynamic equations and their 
accuracy was determined only for individual situations. 
Real-time automation and adaptability control produced 
quality results for managing infiltration time variability. 
According to authors [32], this procedure ensures greater 
efficiency of irrigation compared to traditional irrigation 
estimates, allowing significant labor savings. The real-time 
control system monitors the water movement along the 
furrow. It determines the characteristics of soil absorption 
through the simulation procedure and therefore modifies the 
input variables (water flow and moment of irrigation 
cessation). If the set irrigation parameters are continuous and 
change automatically, it means that the irrigation system is 
adaptable to the conditions in the field. 
AWMA Pyt Ltd, is an Australian company that 
developed the aquator system for automatic and remote 
control of water resources. Operations assigned via aquator 
are transmitted by a device that is most commonly mounted 
on the base station roof. The control openings have built-in 
receivers and are powered via solar panels. Reverse remote 
reading was developed by authors [33] as an alternative 
contact sensor that serves to monitor the progress of water 
entry into the furrows and allow automatic control of water 
flow. The camera is located at the field boundary and images 
water flowing down the furrow during irrigation. The images 
are analyzed by a computer system to calculate the actual 
position of the incoming water. 
Authors [32] laid the foundations for the practical control 
of furrow irrigation in real-time. The proposed system 
includes: automatic start of inflow into furrows and its 
measurement; measuring the water flow through the furrows; 
real-time assessment of soil infiltration and soil moisture 
deficiency; real-time simulation and optimization of 
interruption time and automatic shutdown of inflow at the set 




Figure 1 IrriPro optimization screen [34] 
 
Decision-making software is an important segment for 
such a system and includes: continuous flow measurement 
using pressure measurement in the supply system; earlier soil 
characterization by determining the soil type; and the 
probability of water infiltration into the soil. The IrriPro 
software package was developed to extend the hydraulic 
modeling of a single furrow or an entire field. It uses 
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hydrodynamic equations and multiple simulations for each 
furrow in the field and combines the results to create 2D 
networks of applied depths (Fig. 1 and 2). It then determines 
the flow rate and the end time of the flow in order to achieve 
maximum effect. 
Fig. 1. represents an example of the IrriPro optimization 
screen, which lists the parameters for multiple furrows in the 
entire field. The green area indicates the zone of optimal 
performance. Fig. 2 shows the predicted irrigation end 




Figure 2 IrriPro predicted irrigation end periods [34] 
 
3.2 Rainfall Irrigation 
 
Simulations of rainfall irrigation/flooding models have 
been rapidly evolving over the last two decades. The 
computer software Space Pro includes the known templates 
for the purpose of selecting the size and spacing of the 
sprayers for the maximization of irrigation uniformity. This 
software relies on known parameters for each sprayer, such 
as the pressure and above ground height. The wind influence 
is usually neglected in the process, which impairs the 
efficiency of the sprayer [35]. Two main approaches are 
commonly used: a ballistic approach to calculate the flight 
path of individual water droplets; and an empirical approach 
involving extrapolation from measured parameters. These 
parameters include varying wind speeds and directions, 
pressure and droplet flight path. 
Travgun is the model developed by authors [36], which 
uses the irrigation direction to calculate the wind-free pattern 
and to determine the six parameters used to adjust the wind 
impact pattern. The information obtained from the model is 
an estimate of the uniformity of irrigation application for any 
angle, distance, droplet flight path, wind speed and direction. 
The model does not predict irrigation depths at specific 
points in the field. The purpose of all models is to assess the 
uniformity of irrigation, the selection of appropriate nozzles 
and their spacing. 
Of all irrigation systems, rainwater irrigation systems 
offer the greatest potential for uniform irrigation, as they are 
easily adaptable for spatially variable management. 
Significant progress has been made in the development of 
hardware to control the pivot system with the aim of 
achieving irrigation precision. According to authors [37], 
further development of decision-making tools in irrigation 
pivot systems is needed to achieve optimal irrigation 
accuracy. 
A number of technologies for the variable water 
irrigation have been developed, classifying them as [16]: 
multiple discrete devices combined with a constant 
application rate to achieve irrigation depth; a fixed flow rate 
device with the possibility of rapid interruption to ensure a 
range of depth of irrigation application; and variable sprayers 
with time control. A control system has also been developed 
to control the irrigation speed for each individual sprayer. 
Key criteria in the development of these technologies 
include: ease of installation in existing commercial irrigation 
systems; adequate uniformity of water application within the 
management zone; compatibility with existing irrigation 
system equipment; reduction of robust electronics; two-way 
communication; and the possibility of future upgrade. 
 
 
Figure 3 Farmscan irrigation rates [34] 
 
To achieve higher precision of water application to a 
specific location, the exact locations of all elements for 
irrigation application must be known. To determine the 
center pivot locations, either multiple electronic compasses 
that continuously measure inconsistencies along the length of 
the system; or GNSS for positioning at one or more locations 
are used. The pivot devices for application with variable 
irrigation rates are currently commercially available 
technology. The farmscan 7000VRI is a system used to 
control the center pivot device [34]. The prescribed maps 
were created using a personal computer (Fig. 3). The 
application map separates the circular areas covered by the 
sprayer into circular clips with an angle of 2° to 10° and each 
clip is divided into segments. Irrigation installments per 
segment are variable values and it is possible to mark several 
or all segments for irrigation. The irrigation rates calculated 
in this way can easily be transferred to the controller. If 
irrigation rates are to be increased above 100 %, the sprayer 
will automatically slow down. 
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Farmscan system supports the creation of five irrigation 
rates. Up to 48 zones can be irrigated by adding auxiliary 
nozzles located along with the supports. The nozzles are 
grouped into blocks, and the blocks are controlled by the 
main line that is electronically controlled by a controller [34]. 
Farmscan irrigation management map divides the 
agricultural area into cells that are differently colored 
according to the percentage of water available to the crops. 
Since soils have different structures, varying water retention 
capacities and infiltration rations, irrigation rates may differ 
between different zones in one agricultural field [34]. Sensor 
systems can be more accurate than those based on maps due 
to access or data collection in real-time. Control systems that 
dynamically collect data using remote sensing or built-in 
sensors on the irrigation system are under development [38]. 
Automated irrigation control systems use sensors 
grouped in one location. This management method uses only 
the obtained soil properties data for irrigation planning and 
aims at crop uniformity in the field, without optimizing 
production in different parts of the field. However, the local 
microclimate, plant genetics and the occurrence of 
infestation/pests in crops can result in one area having a 
different yield compared to another. The system developed 
by authors [39] creates a soil map based on data obtained 
from neutron probes which provide soil moisture data and 
meteorological stations. 
Most conventional irrigation systems are designed to 
operate with a constant flow in the system and pressure on 
the sprinklers. In precision irrigation, pivot irrigation 
systems use constant pressure but variable water flow. 
Possible solutions for variable water supply are multi-pump 
systems or the use of a variable speed pump [16]. 
 
3.3 Micro-Irrigation Systems 
 
Micro-irrigation systems are designed for the exclusive 
irrigation of the zone in the plant proximity. The advantages 
of this approach are: irrigation of a smaller area, minimal 
water evaporation from the soil surface, reduced weed 
presence, and uniform water application in the root zone of 
the plant. A special advantage of micro-irrigation is the 
addition of a smaller amount of water at short irrigation 
intervals. This provides the ability to maintain soil moisture 
with a certain water deficit below the capacity of the field. It 
can be managed throughout the entire season or only its part, 
thus achieving greater irrigation efficiency and reducing 
irrigation costs. The efficiency of micro-irrigation can be 
higher than 90 % [40]. 
Water losses in micro-irrigation mainly occur by 
evaporation of water from the soil surface and outflow of 
water into the drainage. Evaporation losses are small due to 
the limited irrigation area and no standing water on the soil 
surface. The causes of possibly uneven irrigation in micro-
systems are the length of the pipe, pressure oscillations and 
clogging of the applicator during its operation. The micro-
irrigation system has a higher potential for widespread 
implementation compared to other systems. Management is 
easy and is usually automated based on time, soil moisture, 
or surrounding temperature [40]. 
Authors [41] used a system for monitoring the moisture 
in the root zone in viticulture and measured soil moisture in 
a closed-loop system. Authors [42] focused on the 
development of a spatially variable micro-irrigation system 
that enables the management of individual micro applicators 
(droppers) in an orchard. The basis of the research was a 
varying water supply for one or more individual trees located 
on a single pipeline. The focus was particularly set on 
designing an intelligent node of a micro-irrigation system 
that can individually manage applicators. This required the 
development of a physical network for energy distribution 
and communication between applicators and individual 
nodes along the irrigation line. Development was supported 
by software for managing the main controller, 
communication devices and individual micro applicator 
nodes. A total of 50 nodes were deployed. Each node 
consisted of a micro-controller and an electrical circuit. The 
solenoid valves individually controlled the water flow on 
each applicator. A pressure sensor was used to monitor the 
pressure in the applicators. The applicator controller 
provided information and stored data for the irrigation 
schedule. The laptop was used to transmit the irrigation 
schedule and access the sensor data on the pipeline regulator. 
The results showed that the micro-irrigation system can be 
configured for varying irrigation according to the individual 
needs of each plant [43]. Fig. 4. displays a micro-irrigation 
system with a wireless network. 
 
 
Figure 4 Micro-irrigation system [43] 
 
That system operates on the principle of a wireless 
network. The sensor connected to the wireless node measures 
the soil moisture according to the set values and determined 
the irrigation starting period. The wireless controller 
measures soil moisture and temperature and using a built-in 
transmitter that sends information to the central node. The 
central node controls the solenoid valves and the node has a 
built-in receiver that receives information sent from the 
wireless node. The central node can be connected to a laptop, 
and can also be controlled via a mobile device using a GSM 
module. The controller in the central node processes the data 
according to the set values and thus manages the automatic 
micro-irrigation. Water pumps and associated solar panels 
for pumps can be installed on this system. It is possible to 
operate the controller via a mobile phone and to enter/export 
data obtained from the humidity sensor in real-time [43]. 
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4 SENSORS AND METHODS OF DATA COLLECTION  
 
The precision irrigation systems require accurate 
spatiotemporal data of soil and crop conditions in the field. 
They also require the ability to identify and quantify such 
data in order to apply appropriate irrigation. Various 
measuring devices for collecting data on soil moisture and 
plant water requirements are present. Spatial variability of 
the field can be measured: continuously (imaging in motion 
using a camera placed on pivot centers), discrete (point 
sampling of soil properties using soil moisture probes) and 
remotely (multispectral sensors mounted on unmanned aerial 
vehicles or satellites). A wide range of plant sensor 
technologies is available for the detection of plant stress. 
Crop monitoring technologies can be divided into two 
groups: contact sensors (provide detailed data for individual 
plants that are useful for understanding daily fluctuations) 
and remote (more suitable for collecting spatial data at the 
local or regional level and therefore more suitable for 
estimating spatial differences in plant loading and application 
in precision irrigation system). Such sensors typically 
measure plant responses associated with water intake, 
moisture evaporation, and plant growth rates. Variations in 
these measurements that indicate crop stress can be used in 
decision-making in precision irrigation. Crop sensors do not 
give any indication of water deficiency, so these methods 
should be used in combination with soil moisture 
measurements. Crop sensors typically have the ability to 
record and GNSS readings and can produce field 
measurement maps. There is also a wide range of satellite 
sensors from which data can be obtained for agricultural use 
[44-47].  
 
4.1 Multispectral Sensors 
 
Authors [44] noted that a wide range of sensors that can 
be used regardless of their distance to imaging object to 
measure the electromagnetic reflectance of the surface. 
Authors [45] provided a description of spectral bands that can 
be used to monitor soil variability. Data obtained in the 
spectral bands can usually be processed to highlight 
differences in crop conditions using the normalized 
difference vegetation index (NDVI). Various researchers 
have found a relationship between NDVI and crop coefficient 
for a wide range of crops. An alternative to using NDVI is to 
predict the actual evaporation of crops using remote energy 
balance research. According to [46, 47], both approaches 
support obtaining a large amount of data on crop water 
evaporation for irrigation management. Fig. 5. represents an 
example of the NDVI image in precision irrigation.  
NDVI quantifies the vegetation by measuring the 
differences between the reflectance in the near-infrared band, 
NIR (which is strongly influenced by vegetation), and red 
band, RED (which is highly absorbed by vegetation). The 









                                                     (1) 
Healthy vegetation with high chlorophyll content reflects 
more near-infrared and green wavelengths compared to other 
wavelengths but absorbs more red and blue wavelengths. The 
result of the formula (1) creates the values in the number 
interval between ‒1 and +1. If they are low in the RED band 
and high in the NIR band, NDVI will result in a value close 
to 1 and vice versa [48]. Thus, in the example displayed in 
Fig. 5, green pixels indicate healthy and dense vegetation 
while red pixels indicate a crop under water stress. 
 
 
Figure 5 NDVI values for precision irrigation management [48] 
 
Multispectral sensors are commonly implemented on 
satellites and unmanned aerial vehicles, which regularly 
achieve a higher spatial resolution [43]. In Fig. 6 an example 
of determining soil moisture and an irrigation map of the 
Ceres model is presented. 
 
 
Figure 6 An irrigation map obtained using the Ceres model [34] 
 
4.2 Thermal Sensors 
 
Canopy cover temperature represents a relative measure 
of the water evaporation rate and indicates crop water stress. 
Infrared thermal cameras measure the radiation energy 
(temperature) of an object using thermal infrared 
wavelengths. The canopy cover temperature obtained by 
thermal sensors is compared with the crops without water 
stress for the calculation of crop water stress index (CWSI). 











                                                          (2) 
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where: Tc represents vegetation temperature obtained from 
the thermal image; Twet represents the lower temperature limit 
and Tdry represents the higher temperature limit. Thermal 
sensors and thermometers enable the creation of maps 
representing soil water content variations in the agricultural 
field. CWSI was developed in 1981 and was normalized to 
determine operates works on the principle of thermal infrared 
wavelengths and can be mounted on an unmanned aerial 
vehicle for aerial monitoring [50]. 
Fig. 7. displays the agricultural area divided into pixels 
with a CWSI value after imaging, which determines the 
amount of crop water deficiency. If the pixel value is 0, it 
indicates that the crop is not under stress and contains the 
optimal amount of water. If the pixel value is 1, the maximum 
crop water stress is present and the irrigation should be 
implemented or applied. 
 
 
Figure 7 Display of CWSI values representing water stress after imaging [50] 
 
 
Figure 8 Crop water stress scale [50] 
 
Fig. 8. displays an example of a crop water stress scale 
[50]. Authors [38] noted the irrigation schedule for the 
controlled pivot system and the drop-by-drop systems were 
controlled by the temperature-time threshold (TTT) method. 
The TTT method includes infrared thermal cameras that 
continuously measure the temperature of the plant cover. If 
the cover temperature rose by a predetermined value in a 





The combination of crop and soil monitoring with 
appropriate growth simulation models is the first step of 
precision irrigation. Upgrading these models with the control 
and optimization systems of each irrigation system completes 
the precision irrigation system. These procedures rely on the 
ability to manage variations in individual plants’ water 
balance. 
There is no best universal precision irrigation system. 
Moving towards precision irrigation requires a system that 
can adapt to the existing conditions. It also implies the idea 
that the system will succeed in achieving a certain goal, like 
maximum water utilization, maximum yield, or maximum 
profitability. 
The four important steps for precision irrigation are data 
collection, data analysis, control, and system evaluation. 
Precision irrigation systems require accurate and updated 
spatial data obtained by field measurement and collected 
using a variety of imaging sensors. The obtained data are 
interpreted and analyzed by computer software to aid in 
decision making. Precision irrigation can potentially increase 
economic efficiency through optimal irrigation in each part 
of the field according to crop requirements and thus reduce 
costs. 
According to available data in the Republic of Croatia, 
irrigation is not significantly developed and amounts to only 
0.46% of the agricultural area (less than 10 000 ha). There 
are the most suitable soils for irrigation in Osijek-Baranja and 
Vukovar-Srijem counties. According to the available quality 
and quantity of water, Croatia can irrigate about 30% of 
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